25) Alternatively, vectors can be used to express the gene. 
Suitable 

vectors containing the DNA sequence (or the corresponding RNA 
sequence) which 

may be used in accordance with the invention may be an eukaryotic 
expression 

vector containing the DNA or the RNA sequence of interest. 
Techniques for 

obtaining expression of exogenous DNA or RNA sequences in a host or 
cell are 

known. See, for example, Korman et al, Proc. Nat. Acad. Sci. 
U.S.A. 

(1987) 84, 2150. 

(26) This vector, as noted above, may be administered to the germ 
or stem 

cell being cultured in a retroviral or other viral vector (i.e., a 
viral 

vector ) vehicle, a DNA or RNA/liposome complex, or by utilizing DNA- 
mediated 

gene transfer. Further, the vector/ when present in no n-viral form, 
may be 

administered as a DNA or RNA sequence-containing chemical formulation 
coupled 

to a carrier molecule which facilitates delivery to the host cell. 
Such 

carrier molecule would include an antibody specific to the cells to 
which the 

vector is being delivered or a molecule capable of interacting with a 
receptor 

associated with the target cells. 
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ABSTRACT 



An animal harboring a non-native germ cell, its correspond- 
ing line, and the corresponding germ cells, are obtained by 
colonizing the testis (or testes) of a host animal with 
primitive cells followed by raising and/or breeding the host. 

15 Claims, 6 Drawing Sheets 
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esis. The testes contained 8.2±4.0; (meanistandard devia- 
tion M±SD) blue staining tubules. Of the 3 remaining males, 
one that received pn day 5 to 15 cells is still infertile, one that 
received pn day 21 to 28 cells has sired 6 of 39 transgenic 
progeny, and the third that receiving pn day 5 to 15 cells has 
sired 6 of 15 transgenic progeny. Offspring were born 
beginning approximately 8 months after donor cell injection. 
With this approach, up to 80 percent of the progeny of the 
male with the most successful colonization are from donor- 
derived spermatozoa, half of which carry the transgene. 

Although injected cell suspension contained donor Sertoli 
cells, several experiments were performed in which Sertoli 
cells (10 5 to 10 ) isolated as described were added to the 
donor cell suspension to determine if this would enhance 
repopulation. Using protocol 1 and donor cells from pn day 
5 to 15 mice, 10 to 12 recipient testes demonstrated 
spermatogenesis, with 13.0±12.7 (M±SD) tubule cross sec- 
tions colonized per testis. With protocol 2 and the same age 
donor cells, 24 of 25 testes had stained tubules with 9.0±3.7 
(M±SD) tubules stained per testis. The average time of 
analysis of the recipients after donor cell injection was 112 
days. In general, the degree of colonization with and without 
additional Sertoli cells was similar (compare to Table 1). 

Discussion 
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ology of Reproduction, eds. Knobil, E. & Neill, J. (Raven 
Press, Ltd., New York) pp. 837-932). Thereafter, the sper- 
matogonia! cell population expands and differentiating 
stages of spermatogenesis appear successively. In prepuber- 
tal mice this first wave of spermatogenesis is synchronized, 
with spermatocytes appearing at about day 10, spermatids at 
about day 20, and mature spermatozoa at about day 35 (de 
Kretser, et al (1998) in The Physiology of Reproduction,zds. 
Knobil, E. & Neill, J. (Raven Press, Ltd., New York) pp. 
837-932; Bellve' et al., (1977) J. Cell Biol 74, 68-^85). 
Sertoli cells also undergo changes during this period. They 
continue to divide until between 10 and 14 days after birth, 
after which they become mitotically quiescent (Gondos, et 
al., (1993) in The Sertoli Cell, eds. Russell, L. D. & 
Griswold, M. D. (Cache River Press, Clearwater, Fla.) pp. 
116-154). Thus, by recovering donor cells at birth, pn day 
5 to 15, and pn day 21 to 28, three different mixed cell 
populations were tested for stem cell potential. Surprisingly, 
the results suggest that gonocytes, despite their primitive 
stage of development, were less efficient as donor cells than 
older populations of cells containing spermatogonia. 
However, it has not been determined whether the stem cell 
populations in the 3 developmental stages tested have a 
differential sensitivity to the harvesting protocol employed. 
Although the number of dead cells as indicated by trypan 
25 blue staining was similar for the 3 cell preparations, differ- 
ential killing of small populations of stem cells may not have 
been detectable. Also, stem cells are likely to make up a 
different fraction of the total cell population at each stage 
(Bellve\ A. R. (1979) in Oxford Reviews of Reproductive 
Biology, ed. Finn, C. A. (Clarendon Press, Oxford, England) 
Vol. 1, pp. 159-261; de Kretser, et al (1998) in The Physi- 
ology of Reproduction, eds. Knobil, E. & Neill, J. (Raven 
Press, Ltd., New York) pp. 837-932; Russell, et al., (1990) 
in Histological and Histopathological Evaluation of the 
Testis, (Cache River Press, Clearwater, Fla.) pp. 1-40.). 
These factors may also account for the lower efficiency of 
C57BL/6 donor cells in colonizing recipients. However, an 
additional element in this effect could be an inferior ability 
of the tubules in W recipients to support spermatogenesis. 

Spermatogenesis was morphologically normal in many 
tubules examined (Russell, et al., (1990) in Histological and 
Histopathological Evaluation of the Testis, (Cache River 
Press, Clearwater, Fla.) pp. 1-40), indicating effective colo- 
nization of seminiferous tubules. The donor cell population 
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The studies described above demonstrate that stem cells 
can be harvested from donor testes, maintained in vitro, 
transferred to a recipient testis, establish normal 
spermatogenesis, and produce functional spermatozoa that 
fertilize eggs and result in offspring. The production of 
young from the transplanted spermatogonial stem cells and 
the high percent of recipient spermatozoa arising from the 
transplanted cells indicates that colonization of the semin- 
iferous tubules can be very effective. The procedure used in 
the above example shown diagrammatically in FIG. 7. 

In these studies, donor cell populations were mixed, 
containing Sertoli cells and various stages of differentiating 
sperm cells that varied with the age of the donor testes 
(Bellve*, A. R. (1979) in Oxford Reviews of Reproductive 40 
Biology, ed. Finn, C. A. (Clarendon Press, Oxford, England) 
Vol. 1, pp. 159-261; de Kretser, et al (1998) in The Physi- 
ology of Reproduction, eds. Knobil, E. & Neill, J. (Raven 
Press, Ltd., New York) pp. 837-932; Bellve' et al., (1977)/. 
Cell Biol. 74, 68-85). Among this diverse group of cell 45 contained both germ cells and Sertoli cells; therefore, it has 
types, only cells with stem cell potential could initiate not yet been determined whether the interacting Sertoli- 
spermatogenesis. Spermatocytes, meiotic stages, and sper- spermatogonial units that established a spermatogenic 
matids are not capable of self-renewal. Thus, even if donor colony and repopulated the tubule were composed of donor 
cells representing later stages of spermatogonia established germ cells interacting with endogenous Sertoli cells, with 
an interaction with recipient Sertoli cells and continued to 50 transferred Sertoli cells, or both. However, when additional 
differentiate, they would become fully mature and be shed Sertoli cells were coinjected with germ cells they did not 
into the lumen by 35 days post-transfer (de Kretser, et al have a dramatic effect on colonization efficiency. This sug- 
(1998) in The Physiology of Reproduction, eds. Knobil, E. & gests that Sertoli cells were not a limiting factor, and may 
Neill, J. (Raven Press, Ltd., New York, N.Y.) pp. 837-932; indicate that endogenous Sertoli cells were adequate to 
Russell, etal., (1990) in Histological and Histopathological 55 support recolonization. 

Evaluation of the Testis, (Cache River Press, Clearwater, The most striking result of these experiments was pro- 

Fla.) pp. 1-40). Spermatogenic elements visible in recipient duction of offspring from donor cell-derived spermatozoa, 

testes after this time would necessarily have arisen from Having now fully described the invention, it will be 

donor cells with stem cell potential. apparent to one of ordinary skill in the art that many changes 

The age of the testes from which donor cells were isolated 60 and modifications can be made thereto without departing 

had an influence on the efficiency of colonization of recipi- from the spirit or scope of the invention as set forth herein, 

ent testes. At birth the germ cells are gonocytes, but during What is claimed as new and desired to be secured by 

the first week of life these cells differentiate into Letters Patent of the United States is: 

spermatogonia, which divide and begin to differentiate 1. A method of making a non-human mammal harboring 

(Bellve', A. R. (1979) in Oxford Reviews of Reproductive 65 a biologically functional non-native cell comprising: 

Biology, ed. Finn, C. A. (Clarendon Press, Oxford, England) (i) selectively destroying the endogenous germ cell popu- 

Vol. 1, pp. 159-261; de Kretser, et al (1998) in The Physi- lation in the seminiferous tubules of a first non-human 
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mammal, leaving intact the supporting cells comprising 
Sertoli cells in said tubules; and 

(ii) colonizing said seminiferous tubules of said first 
non-human mammal with spermatogonia from a sec- 
ond non-human mammal of the same species as the first 5 
non-human mammal, wherein said colonizing com- 
prises injecting a solution containing said spermatogo- 
nia from said second mammal into said seminiferous 
tubules or into the lumen of the rete testes into the 
efferent duct leading into the epididymis of said first 10 
mammal, 

wherein following colonization, said spermatogonia 
from second mammal produce spermatozoa which 
are capable of repopulating said seminiferous 
tubules, fertilizing ova, and producing viable off- 15 
spring. 

2. The method of claim 1, wherein said step (i) comprises 
subjecting said tubules to a physical treatment. 

3. The method of claim 2, wherein said physical treatment 
is radiation treatment. 

4. The method of claim 1, wherein said step (i) comprises 
subjecting said tubules to a chemical treatment. 

5. The method of claim 1, in which said seminiferous 
tubules contain no biologically functional endogenous germ 
cells. 

6. The method of claim 1, wherein said non-human 
mammal is a mouse. 

7. The method of claim 1, wherein said non-human 
mammal is a farm animal. 

8. A method of harboring a biologically functional non- 30 
native germ cell comprising: 

(i) selectively destroying the endogenous germ cell popu- 
lation in the seminiferous tubules of a first rodent, 
leaving intact the supporting cells comprising Sertoli 
cells in said tubules; and 

(ii) colonizing said seminiferous tubules of said first 
rodent with spermatogonia from a second rodent, 
wherein said colonizing comprises injecting a solution 
containing said spermatogonia from said second rodent 
into said seminiferous tubules or into the lumen of the 
rete testes or into the efferent duct leading into the 
epididymis of said first rodent, 
wherein following colonization, said spermatogonia 

from second rodent produce spermatozoa which are 
capable of repopulating said seminiferous tubules, 
fertilizing ova, and producing viable offspring. 

9. The method of claim 8, wherein said step (i) comprises 
subjecting said tubules to a physical treatment. 

10. The method of claim 8, wherein said physical treat- 
ment is radiation treatment. 
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11. The method of claim 8, wherein said step (i) comprises 
subjecting said tubules to a chemical treatment. 

12. The method of claim 8, in which said seminiferous 
tubules contain no biologically functional endogenous germ 
cells. 

13. The method of claim 8, wherein said non-human 
mammal is a mouse. 

14. A method of making a non-human mammal compris- 
ing 

(i) selectively destroying the endogenous germ cell popu- 
lation in the seminiferous tubules of a first non-human 
mammal, leaving intact the supporting cells comprising 
Sertoli cells in said tubules; and 

(ii) colonizing said seminiferous tubules of said first 
non-human mammal with spermatogonia from a sec- 
ond non-human mammal of the same species as the first 
non-human mammal, wherein said colonizing com- 
prises injecting a solution containing said spermatogo- 
nia from said second mammal into said seminiferous 
tubules or into the lumen of the rete testes into the 
efferent duct leading into the epididymis of said first 
mammal, 

wherein following colonization, said spermatogonia 
from second mammal produce spermatozoa which 
are capable of repopulating said seminiferous 
tubules, fertilizing ova, and producing viable off- 
spring; and 

breeding the non-human harboring a non-native germ 
cell. 

15. A method of comprising 

(i) selectively destroying the endogenous germ cell popu- 
lation in the seminiferous tubules of a first rodent, 
leaving intact the supporting cells comprising Sertoli 
cells in said tubules; and 

(ii) colonizing said seminiferous tubules of said first 
rodent with spermatogonia from a second rodent, 
wherein said colonizing comprises injecting a solution 
containing said spermatogonia from said second rodent 
into said seminiferous tubules or into the lumen of the 
rete testes or into the efferent duct leading into the 
epididymis of said first rodent, 

wherein following colonization, said spermatogonia 
from second rodent produce spermatozoa which are 
capable of repopulating said seminiferous tubules, 
fertilizing ova, and producing viable offspring; and 

breeding the rodent harboring a non-native germ cell. 
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Sustained expression of genes delivered directly into liver 
and muscle by lentiviral vectors. 



Kafri T r Blomer U, Peterson DA, Gage FH , Verm a IM . 

Laboratory of Genetics, Salk Institute, La Jolla, California 92037, USA. 

Successful gene therapy approaches will require efficient gene 
delivery and sustained expression of the transgene in 
recipients. A variety of methods, ranging from direct DNA 
delivery to infection with recombinant viruses containing 
foreign genes, have been developed, but they all have some 
major limitations that restrict their utility. We have described 
a human lentiviral (HlV)-based vector that can transduce 
non-dividing cells in vitro and deliver genes in vivo. With this 
vector, expression of transgenes in the brain has been 
detected for more than six months— the longest period tested 
so far. Because lentiviral vectors are pseudotyped with 
vesicular stomatitis virus G glycoprotein (VSVG; ref. 8), they 
can transduce a broad range of tissues and cell types. We 
now describe the ability of lentiviral vectors to introduce 
genes directly into liver and muscle. Sustained expression of 
green fluorescent protein (GFP), used as a surrogate for 
therapeutic protein, can be observed for more than 22 weeks 
in the liver. Similar long-term expression (more than eight 
weeks) was observed in transduced muscle. In contrast, little 
or no GFP could be detected in liver or muscle transduced 
with the Moloney murine leukaemia virus (M-MLV), a 
prototypic retroviral based vector. At a minimum, 3-4% of the 
total liver tissue was transduced by a single injection of 1-3 x 
10(7) infectious units (I.U.) of recombinant HIV vector. 
Furthermore, no inflammation of recruitment of lymphocytes 
could be detected at the site of injection. Animals previously 
transduced with a lentiviral vector can be efficiently re- 
infected with lentiviral vectors. Additionally, we show that the 
requirement for lentiviral accessory proteins to establish 
efficient transduction in vivo is tissue dependent. 

PMID: 9354796 [PubMed - indexed for MEDLINE] 
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Transgenesis by lentiviral vectors: Lack of gene 
silencing in mammalian embryonic stem cells 
and preimplantation embryos 

Alexander Pfeifer, Masahito Ikawa, Yelena Dayn, and Inder M. Verma* 



The Salk Institute for Biological Studies, La Jolia, CA 92037 

Contributed by Inder M. Verma, December 18, 2001 

The introduction of foreign genes into early mouse embryos and 
embryonic stem (ES) cells is invaluable for the analysis of gene 
function and regulation in the living animal. The use of vectors 
derived from retroviruses as gene transfer vehicles in this setting 
has had limited success because of silencing of transgene expres- 
sion. Here, we show that vectors derived from lenti viruses, which 
are complex retroviruses, can efficiently deliver genes to murine ES 
cells and that transgene expression is stable during proliferation of 
undifferentiated ES cells. The transgene is expressed during dif- 
ferentiation of ES cells in vitro (embryoid bodies) and in vivo 
(teratomas). Transfer of lenti vector-transduced ES cells into blas- 
tocysts resulted in chimeric animals that expressed the transgene 
in multiple tissues. Embryos derived from crossings of chimeric 
mice expressed the transgene, indicating successful germ-line 
transmission. Infection of murine preimplantation embryos at 
morula stage with lentiviral vectors resulted in stable transduction 
and expression of the transgene in mouse embryos and in newborn 
mice. Finally, human ES cells were transduced by lentiviral vectors 
and expressed the transgene over several passages. Thus, lentiviral 
vectors represent a significant improvement over oncoretroviral 
vectors used previously for gene transfer into murine ES cells and 
preimplantation embryos. Ability to transfer foreign genes into 
human ES cells has potential relevance for the development of 
gene and cell-based therapies. 

Embryonic stem (ES) cells are derived from early mammalian 
embryos and display characteristics of totipotency, i.e., after 
transfer to a suitable in vivo environment they contribute to the 
primary germ layers (ectoderm, endoderm, and mesoderm) and 
populate the germline of mice (1, 2). ES cells can be propagated 
in an undifferentiated state and genetically manipulated in vitro. 
Thus, transgenic animals can be generated by introducing for- 
eign genes into ES cells, followed by transplantation of the ES 
ceils into embryos and germ-line transmission. 

The first reports of genetic manipulation of ES cells demon- 
strated that vectors derived from retroviruses can infect ES cells 
and that the integrated virus (provirus) is transmitted through 
the germline (3, 4). Furthermore, it was shown that retroviral 
vectors are able to infect preimplantation embryos, giving rise to 
transgenic animals that transmit the proviral DNA to offspring 
(5-8). However, further analysis revealed that both infected ES 
cells and preimplantation embryos lack significant provirus 
transcription. Two major mechanisms have been identified for 
retrovirus silencing (see references in ref. 9): trans-acting factors 
that bind to the viral promoters in the long terminal repeats 
(LTRs) and methylation of the integrated retroviral genome and 
flanking host DNA sequences. According to the organization of 
their genome (for review see ref. 10), one can distinguish simple 
retroviruses, such as the prototypic murine leukemia virus, from 
complex retroviruses like the lentiviruses. HIV type 1 (HIV-1) 
is one of the best-studied complex retroviruses and has the ability 
to infect nondividing cells presumably by import of the viral 
DNA through the nuclear pore and subsequent integration into 
the host genome (references in ref. 11). Vectors derived from 
lentiviruses can transduce a broad spectrum of terminally dif- 

2140-2145 | PNAS | February 19. 2002 | vol.99 | no. 4 



ferentiated, nondividing cells, as well as, hematopoietic stem 
cells of multiple mammalian species (references in ref. 11). 

In this communication, we show that (i) unlike traditional 
oncoretroviral vectors, expression of transgenes introduced by 
lentiviral vectors into murine or human ES cells is not silenced, 
(w) Transgene expression is not "shut off during differentiation, 
and the transgene is expressed in multiple tissues of chimeric 
animals generated by transfer of Ientivector-transduced ES cells 
in blastocysts. (Hi) Germ-line transmission of transgenes intro- 
duced into ES cells by lentiviral vectors and (iv) preimplantation 
embryos at morula stage can be successfully transduced with 
lentiviral vectors, and the resulting progeny express the trans- 
gene. We therefore conclude that lentiviral vectors will, be 
excellent tools for generating transgenic animals. 

Materials and Methods 

Virus Production. LV-green fluorescent protein (GFP) was con- 
structed by cloning the CAG promoter into the Clal and Bam HI 
sites of the vector LV-pGFP (12), thereby replacing the phos- 
phoglycerate kinase (PGK) promoter. LV-Lac was cloned by 
introducing the LacZ-woodchuck hepatitis virus fragment into 
the Nhel and Kpnl sites of LV-GFP, thereby replacing the 
enhanced GFP (eGFP) cassette with LacZ. All viruses were 
produced as described (13). In brief, 293T cells were transfected 
with the vector, packaging plasmids, and a plasmid coding for the 
G protein of the vesicular stomatitis virus by the calcium- 
phosphate method. Virus was harvested over the following 3-4 
days and concentrated by ultracentrifugation (68,000 x g). The 
titers of the virus preparations were determined by measuring 
the amount of HIV-1 p24 gag antigen by ELISA (Alliance; 
NEN). The multiplicity of infection (moi) was determined by 
infecting 293T cells, followed by flow cytometric quantification 
of eGFP-positive cells. 

ES Cells. ES cells were grown on a feeder layer of irradiated 
embryonic fibroblasts in the presence of lymphocyte inhibitory 
factor as described (14). Single cell suspensions (1 x 10 5 ES cells) 
were infected overnight in a volume of 500 ul with the lentiviral 
vectors. For flow cytometry analysis, ES cells were cultured 
on gelatinized plates. The number of eGFP-positive cells and 
the mean fluorescence were quantified by FACScan (Becton 
Dickinson). 

in Vitro and in Vivo Differentiation of ES Cells. Embryoid bodies 
(EBs) were generated by cultivating ES cells in hanging drops (2 



Abbreviations: ES, embryonic stem; LTR, Jong terminal repeat HIV-1, HIV type 1; GFP, green 
fluorescent protein; eGFP, enhanced GFP; moi, multiplicity of infection; EB, embryoid body; 
PGK, phosphogfycerate kinase. 
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days) and then in suspension for 6 more days. EBs were 
dissociated by using trypsin and then were plated on culture 
tissue culture slides (Falcon). Immunofluorescence analysis was 
carried out after fixation of EB-derived cells in 4% paraformal- 
dehyde at 4°C. Fixed cells were incubated (1 h at room temper- 
ature) with primary Abs directed against myosin (Sigma), 
desmin (Chemicon), or neurofilament NF200 (Sigma). After 
washing, the cells were incubated for 1 h with anti-mouse or 
anti-rabbit IgG Cy5 (The Jackson Laboratory). Immunofluores- 
cence and cellular green fluorescence were analyzed by using a 
confocal microscope (PASCAL, Zeiss). 

Teratomas were induced by injecting a single cell suspension 
of 2 X 10 6 ES cells in a volume of 500 p,\ of Hanks' buffer 
(GIBCO) s.c. (G25 needle) in nude mice (nu/nu, The Jackson 
Laboratory). Four weeks after injection, the mice were killed 
and the tumors were removed. Fragments of the teratomas were 
fixed in 4% paraformaldehyde before freezing in OCT freezing 
media (Tissue Tek, Sakura Finetek, Torrance, CA) and then 
sectioned on a cryostat. 

Fluorescence Imaging. In vivo imaging of green fluorescence was 
carried out with a stereomicroscope (Zeiss SV-11) with an 
attached epif luorescence unit consisting of a mercury lamp and 
an eGFP filter. Images were recorded with a cooled charge 
coupled device camera either attached to an Axio Vision imaging 
system (Zeiss) or to a video recorder. 

Infection of Preimplantation Embryos. Six-week-old CB6F1 
(C57BL/6 X BALB/c) females were superovulated with 5 units 
of pregnant mare serum gonadotropin (Sigma), followed 48 h 
later by injection of 5 units of human gonadotropin (Sigma), and 
mated with CB6F1 males. Morulae (8-16-cell embryos) were 
isolated by flushing the oviduct 2.5 days postcoitus with M2 
medium (Sigma). Removal of the zona pellucida was achieved by 
acidic tyrode (15) treatment as described. Morulae were infected 
overnight with 20 ng of P24/ml in a volume of 5 jxl, covered with 
light paraffin oil (Fisher). Thirty hours after infection, blasto- 
cysts were transferred into the uteri of pseudopregnant CB6F1 
mice. The presence of the lentiviral vector DNA was detected by 
PCR, using primers (5'-tgacctacggcgtgcagtgc-3' and 5'- 
tcaccttgatgccgttcttct-3') that amplify a 300-bp fragment of the 
eGFP gene. 

Results and Discussion 

To study lentiviral gene transfer into ES cells and preimplanta- 
tion embryos, we used vectors derived from HIV-1 (16), which 
were further modified to contain the following changes (Fig. L4): 
(i) The essential promoter/enhancer sequences of the LTR were 
deleted (SIN vectors), resulting in transcriptional inactivation of 
the integrated virus (provirus) (17, 18). (ii) The posttranscrip- 
tional regulatory element of the woodchuck hepatitis virus (19) 
and the central polypurine tract of the pol gene of HIV-1 were 
included, because these elements have been shown to enhance 
lentiviral gene expression in several cell lines, including hema- 
topoietic stem cells (12, 20-22). (hi) To achieve transgene 
expression not only in ES cells but also in differentiated deriv- 
atives and tissues of adult animals, we chose the CAG promoter 
(23), which contains a modified chicken /3-actin promoter and 
enhancer sequences from the cytomegalovirus, and the pro- 
moter of the PGK. Both promoters have been shown to be 
ubiquitously active in the mouse (24, 25). Three lentiviral vectors 
were designed (Fig. I A): LV-GFP, which carries the expression 
cassette for eGFP under the control of the CAG promoter; 
LV-Lac, which contains the LacZ cDNA driven by the CAG 
promoter; and LV-pGFP, which carries eGFP under the control 
of the PGK promoter. After infection of D3 ES cells (26) with 
LV-Lac at an moi of 1, 69.5% ± 4.7% (n = 323 colonies) of the 
ES cell colonies contained j3-galactosidase-positive cells (Fig. 
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Fig. 1. Transduction of mammalian ES cells by using lentiviral vectors. (A) 
Schematic representation of the lentiviral vectors. (Top and Middle) Lentiviral 
vectors LV-GFP and LV-LAC contain the compound chicken 0-actin/cytomegalo- 
virus enhancer (CAG) promoter, which drives expression of the eGFP or the cDNA 
for 0-galactosidase {LacZ), respectively. {Bottom) LV-pGFP contains the promoter 
of the PGK. All vectors carry a central polypurine tract of HIV-1 (ppt), a posttran- 
scriptional regulatory element of the woodchuck hepatitis virus (W), and self- 
Inactivating mutations (brown triangle) In the LTR. (B) Expression of LacZ in D3 ES 
cells transduced with LV-LAC ES cell colonies were stained with 5-bromo-4- 
chloro-3-indoyl-0-r>galactoside (X-Gal). {Bar = 50jim.](Cand D) Representative 
bright field (Q and fluorescence microscopy (0) images of D3 ES cells 2 weeks after 
infection with LV-GFP (moi 50). [Bar = 200 jim.] (f and F) Transduction of human 
ES cells with LV-GFP. Bright field (£) and fluorescence (F) images of one repre- 
sentative ES cell colony are shown. [Bar = 100 /im.] (G) Southern blot and flow 
cytometer anafyses of murine ES cell clones. (Left) Representative Southern blot 
of four ES cell clones (lanes 1-4) derived from D3 ES cells infected with LV-GFP 
(moi 5) and uninfected ES cells (lane 5). (Right Top) Schematic structure of the 
integrated lentivirus; wavy lines, mouse chromosome. Genomic ES ceil DNA was 
digested with Xoal, which cleaves the provirus only once, blotted, and hybridized 
to the indicated probe (black bar) to assess provirus copy number. (Right Bottom) 
Flow cytometry analysis of the same ES cell clones (1-4). DNA from ES cell clone 
In lane 2 is negative for eGFP. 



IB). To quantify the number of lentivirus-transduced ES cells, 
we infected D3 ES cells with LV-GFP (Fig. 1 C and D) and 
performed fluorescence-activated cell sorting (FACS) experi- 



Pfeifer et a/. 



PNAS | February 19, 2002 | vol. 99 | no. 4 | 2141 



ments 4 and 14 days after infection. During the incubation 
period, the ES cells were passaged 6 times, but no significant 
reduction in the number of eGFP-positive cells was observed 
(data not shown). Fourteen days after infection with LV-GFP at 
an moi of 5 or 50, we observed eGFP expression in 52.5% and 
95.5% of the cells, respectively (see Fig. 5, which is published as 
supporting information on the PNAS web site, www.pnas.org). 
Similar transduction efficacy was achieved by using LV-GFP in 
another ES cell line {Rl ES cells (27)] (see Fig. 5). These data 
demonstrate that lentiviral vectors carrying transgenes under the 
control of the CAG or the PGK promoter can efficiently 
transduce different ES cell lines, and that lentiviral transgene 
expression is sustained during undifferentiated proliferation of 
ES cells. Next, we tested whether lentiviral vectors can be used 
for gene transfer into ES cells derived from human embryos. 
Infection of human ES cells [cell line HI (28)] with LV-GFP 
at an moi of 50 resulted in the transduction of almost 100% of 
the cells, which expressed eGFP over several passages (Fig. 1 E 
and F). 

Southern blot analyses on genomic DNA isolated from trans- 
duced D3 ES cell clones revealed the number of proviral DNA 
integrations (ranging from 1 to 3 at an moi of 5; Fig. 1G). 
Interestingly, the amount of eGFP parallels the number of proviral 
DNA copies, suggesting the lack of transcriptional silencing 
(Fig. 1G). 

To analyze lentiviral gene expression during in vitro differen- 
tiation of ES cells, we cultured murine ES cells in aggregates that 
form EBs (for review see ref. 29). All EBs derived from D3 ES 
cells, which were transduced with LV-GFP at an moi of 50, 
displayed eGFP expression (Fig. 2 A and C). No green fluores- 
cence was detected in EBs derived from control ES cells (Fig. 2 
B and D). After 8 days in suspension culture, several of the 
eGFP-positive EBs displayed contractile activity (see Fig. 5). To 
assess the function of the CAG promoter in the derivatives of the 
LV-GFP-infected ES cells, EBs were dissociated and analyzed by 
immunocytochemistry. Immunofluorescence staining with 
markers specific for muscle (myosin and desmin) and neuronal 
cells (neurofilament NF200) followed by confocal microscopy 
analysis revealed a more intense green fluorescence in myosin- 
and desmin-positive cells (Fig. 2 E and F) as compared with 
neuronal cells (Fig. 2G). Transgenic mice generated by pro- 
nuclear injection of CAG-GFP revealed a similar bias for muscle 
cells as compared with neuronal cells (24). We conclude that 
lentiviral transgene expression is sustained during in vitro dif- 
ferentiation of ES cells. 

To determine whether lentiviral expression of transgenes is 
sustained during and after differentiation of ES cells, we analyzed 
the expression of eGFP during teratoma formation (30). Subcuta- 
neous injection of LV-GFP-transduced ES cells (ES-LV-GFP) 
(moi 50) into nude mice produced teratomas in all mice (n = 4). All 
ES-LV-GFP-derived teratomas expressed eGFP at such a high level 
that their fluorescence was observed externally, through the skin of 
the living animals by using in vivo fluorescence microcopy (Fig. 2//). 
Histological analysis revealed that the eGFP-positive teratoma 
included bone and muscle (mesoderm), gut epithelium (ectoderm), 
and stratified squamous epithelium (ectoderm) (Fig. 2 / and J). No 
fluorescence was detected in the teratomas derived from control 
D3 ES cells (Fig. 2 K and L). Thus, transduced ES cells participate 
in the formation of three primary germ layers, and the transgene 
introduced by lentiviral vectors is expressed during differentiation. 

We next analyzed whether lentiviral transgene expression is 
sustained during embryo- and morphogenesis by injecting ES- 
LV-GFP into blastocysts from C57BL/6 mice. Bright green 
fluorescence was readily detectable in newborn chimeras by 
using in vivo fluorescence microcopy (Fig. 3/4). Further analysis 
revealed eGFP expression in multiple organs of adult chimeras 
including the eye (Fig. 3 B and £), brain (Fig. 3 C and F), and 
muscle (Fig. 3 D and G). Interestingly, immunoblot analysis of 
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Fig. 2. Expression of the lentiviral transgene during in vitro and in vivo 
differentiation of ES cells. iA-D) EBs derived from ES cells transduced with 
LV-GFP (A and Q vs. EBs derived from uninfected ES ceils {B and D), Bright field 
(A and fi) and fluorescent microscopy (C and D) images of the same EB are 
shown (see Fig. 5: contractile activity of the EB shown in A and Q. [Bar - 200 
/j.m.1 {E-G) Analysis of myosin (£), desmin (F), and neurofilament (NF200) (G) 
expression in EB-derived cells. Single-channel confocal microscopy analysis 
was performed (red channel, immunofluorescence stain; green channel, 
eGFP), and a merged-color Image is shown. [Bar = 20 ^m.] The asterisks 
indicate the nucleus, and the arrowheads mark axon-like structures of two 
NF200-positive cells. (H-J) Transgene expression in teratomas derived from 
ientivir us-transduced ES cells. (H) In vivo imaging analysis of eGFP expression 
in a mouse injected with LV-GFP-transduced D3 ES cells (arrows). (t-L) Histo- 
logical analysis of teratomas derived from LV-GFP-transduced ES cells (/and J) 
and control ES cells (K and L). The hematoxylin/eosin stain (/ and K) and the 
fluorescence microscopy U and L) images of adjacent sections (thickness, 5 jtm) 
are shown. The arrowheads indicate stratified squamous epithelium, whereas 
the arrows mark muscle. The asterisks indicate epithetial gut-like structures. 
[Bar = 50 #*m.] Nuclear DNA was stained with 4',6-diamidino-2-phenylindole 
(DAPI), blue. 

extracts from chimeric mice (Fig. 3P) revealed similar differ- 
ences in the eGFP expression levels between skeletal muscle and 
brain as in those seen in CAG-GFP transgenic mice (24). Flow 
cytometry analysis revealed eGFP-positive cells in the spleen 
and bone marrow (see Fig. 5). Histological analysis demon- 
strated eGFP-positive cells in the germinal centers of the spleen 
(Fig. 3 H and £), in the molecular layer of the cerebellum, in 
Purkinje cells (Fig. 3 / and M), and in striated skeletal muscle 
(Fig. 3 / and N). Interestingly, the amount of coat color 
chimerism (i.e., «40% in the mice used for these experiments) 
correlated with the extent of green fluorescence observed in 
different tissues. To confirm that germ-line transmission is 
achieved, the male chimeric mice were bred with B6D2F1 
superovulated female mice. After successful mating, the fertil- 
ized embryos were explanted and grown in vitro for 48 h. Results 
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Fig. 3. Lentiviral vector-transduced ES cells give rise to chimeras that express the transgene in different tissues. (A) In vivo imaging of green fluorescence in 
a 3-day-old chimera (no. 1) derived from LV-GFP-transduced ES cells and two nonchimeric animals (nos. 2 and 3). (B-G) eGFP expression in the eye (B and £), brain 
(Cand F), and muscle (D and G) of an adult chimeric mouse with ~40% coat chimerism. Shown are the bright field (B-D) and epif luorescence images (£-G); the 
arrowheads and arrows in Cand Vindicate eGFP-positive skeletal muscle and cerebrum, respectively. (H-O) Histological analysis of eGFP expression in the spleen 
(H and L), cerebellum (/ and M), and skeletal muscle U and A/) of a chimeric mouse and skeletal muscle of a control mouse (K and O). The hematoxylin/eosin stain 
(H-K) and the fluorescence microscopy (L-0) images of adjacent cryosections are shown. [Bar = 100 /im.] 4',6-dlamidino-2-phenylindole (DAPI) stain, blue. (P) 
Immunoblot analysis using polyclonal anti-GFPAbs on extracts of muscle (lane 1) and cerebrum (lane 2) of the same chimeric mouse shown in &-D. (Q-T) Germ-line 
transmission of the transgene. Fertilized eggs were isolated from superovulated females, and eGFP expression was analyzed by using a confocal microscope. 
Representative example of an eGFP-posltive embryo (4-cell stage) derived from matings of male chimeric mice (0 and H) and eGFP-negative embryos derived 
from matings of control mice (S and 7). [Bar = 100 ^m.J 



in Fig. 3 Q and R show expression of eGFP in 4-cell-stage 
embryos. No expression of eGFP was observed in control 
embryos (Fig. 3 S and T). We therefore conclude that transduc- 
tion of ES cells by lentiviral vectors can lead to germ-line 
transmission. 

Another way to generate a transgenic animal is to directly 
infect the embryo at an early stage. Four to eight cell-stage 
embryos (morulae) were isolated from CB6F1 mice, transduced 
with LV-GFP or LV-pGFP, and analyzed over the next 96 h for 
eGFP expression. Preimplantation embryos are surrounded by 
the zona pellucida, a layer of extracellular matrix synthesized by 
the growing oocyte (see references in ref. 15). Removal of the 
zona pellucida proved to be crucial for transduction of morulae 
by lentiviral vectors, because morulae surrounded by the zona 
pellucida were not transduced by lentiviral vectors, whereas all 
those embryos lacking the zona pellucida were eGFP-positive 
within 48 h after infection (Fig. 4/1 and 2s). Within 96 h, the inner 
cell mass was distinguishable from trophoblast-like cells (Fig. 4 
B and F). Both were positive for eGFP in the LV-GFP- (Fig. 4 
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E and F) and LV-pGFP-transduced (data not shown) embryos. 
The uninfected control embryos did not exhibit any detectable 
green fluorescence (Fig. 4 C and G and D and H). To analyze 
gene expression during embryogenesis in vivo t we transferred 
lentiviral vector-transduced embryos (29 blastocysts) into pseu- 
dopregnant females, which gave rise to three living embryos and 
mice. Analysis of eGFP expression at day 12 after fertilization 
revealed expression of eGFP throughout the whole body of the 
embryo and in the placenta derived form morulae transduced 
with LV-GFP (Fig. 4 / and 7), demonstrating that lentiviral genes 
are expressed even during in vivo development of the mouse 
embryo. The placenta was also eGFP-positive (Fig. 4 K and L). 
Furthermore, we observed transgene expression in newborn 
mice by using in vivo fluorescence imaging (Fig. 4 M and N). PCR 
analysis revealed the presence of the provirus in all eGFP- 
positive embryos and mice (Fig. 40). 

The efficiency of gene transfer into ES cells and preimplantation 
embryos described here for a member of the retrovirus family is 
unprecedented. Vectors derived from murine leukemia and other 
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Fig. 4. Transduction of murine preimplantation embryos with lentiviral vectors. (A-H) eGFP expression in cultured blastocysts derived from morulae infected 
with LV-GFP. At 96 h after infection (B and F), eGFP is expressed in inner cell mass-derived components (asterisk) and trophoblast-like cells (arrow). Blastocysts 
derived from morulae that are surrounded by a zona pellucida (arrow in A and £) or from uninfected morulae (Cand G) are eGFP- negative. [Bar = 100 jim.) (M.) 
Transgene expression in an embryo (day 1 2 postcoitus) derived from tentivirus-inf ected morulae. Bright field (/ and K) and fluorescence (J and L) images of one 
representative embryo (/ and J) and its placenta {K and L) are shown. [Bar - 1 mm.] (M and W) eGFP expression in a 3-day-old mosaic animal derived from an 
LV-GFP-inf ected morula; original magnification (xO.2). The bright field (M) and the green fluorescence (W) images are shown. (0) PCR detection of lentiviral 
vector DNA. PCR analysis of genomic DNA isolated from a transgenic CAG-GFP mouse (1), control mouse (2), empty lane (3), embryo shown in / and J (A), placenta 
shown in K and L (5), and newborn mosaic mouse shown in M and N (6). 



simple retroviruses are effectively silenced in murine embryos. It 
was postulated that provirus silencing is based on defensive mech- 
anisms that have evolved during murine evolution to protect the 
embryo from viral infection (31). This behavior might explain why 
vectors derived from a virus, which is normally not infectious for 
murine cells (such as HIV-1), escape these defensive mechanisms 
and express transgenes during embryogenesis. Furthermore, the 
design of the lentiviral vectors used in this study incorporates 
several advantages over previously used vectors derived from 
simple retroviruses. Deletion of the essential enhancer/promoter 
regions from the LTRs of the lentiviral vectors counteracts provirus 
silencing by cellular transcriptional repressors, which bind to the 
LTRs and affect the initial expression of murine leukemia virus- 
based vectors (32, 33). That we observed transgene expression 
during murine ES cell differentiation and embryonic development 
demonstrates that long-term DNA methylation-dependent silenc- 
ing (31, 34, 35) — the second principal silencing mechanism — has no 
major effect on transgene expression from lentiviral vectors. By 
using a low moi for the transduction of ES cells, we observed the 
insertion of single proviral copies into the genome. The use of 
lentiviral vectors will avoid the problem of concatamerization often 



observed with pronuclear injections, making these vectors partic- 
ularly useful for the introduction of regulatable transgenes and 
transgenes that contain the lax? recognition sites for the Cre 
recombinase. One immediate use of lentiviral vectors will be 
transgenesis in other species, especially nonhuman primates, to 
generate relevant disease model system. 

The recent isolation of stem cells from human embryos brings 
new relevance to ES cell gene transfer. Efficient gene transfer into 
human ES cells is necessary to dissect the genetic pathways involved 
in human stem cell proliferation and differentiation and will help to 
elucidate developmental and differentiation mechanisms (e.g., the 
genetic requirements for lineage commitment). Furthermore, 
transfer of genes that regulate differentiation will improve our 
ability to generate specific cell types from undifferentiated ES cells 
for the treatment of many metabolic and degenerative diseases. We 
believe that lentiviral vectors offer excellent opportunity to transfer 
genes into a wide variety of cells, tissues, and organs to study growth, 
differentiation, and development. 
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